The aim of this paper was to study how the early-age self-shrinkage behavior of cement paste is affected by the addition of the waste paper fibers under sealed conditions. Although the primary focus was to determine whether the waste paper fibers are suitable to mitigate self-shrinkage as an internal curing agent under different adding ways, evaluating their strength, pore structure, and hydration properties provided further insight into the self-cured behavior of cement paste. Under the wet mixing condition, the waste paper fibers could mitigate the self-shrinkage of cement paste and, at additions of 0.2% by mass of cement, the waste paper fibers were found to show significant self-shrinkage cracking control while providing some internal curing. In addition, the selfcuring efficiency results were analyzed based on the strength and the self-shrinkage behaviors of cement paste. Results indicated that, under a low water cement ratio, an optimal dosage and adding ways of the waste paper fibers could enhance the self-curing efficiency of cement paste.
Introduction
Because of the need of long spans, towering, and overloading and harsh conditions in modern engineering, the highperformance concrete (HPC) has been widely used in the infrastructure, such as bridges, high-rise buildings, port, and underground projects, due to the high strength and high performance [1, 2] . However, self-desiccation leading to selfshrinkage causes the early cracks of concrete, which have been recognized to be a major shortcoming of HPC [3] [4] [5] .
Because of a low water-binder ratio of HPC, a large amount of unhydrated cement within concrete can attract water from the capillary and begin to hydrate. Yet external moisture is difficult to penetrate into the inside of the concrete due to the compacting concrete structure and the capillary dehydrates and forms a vacuum even, leading to the selfshrinkage of concrete. With the early hardening of concrete, the shrinkage deformation is greater than the ultimate stretching deformation, which always causes the cracking and then decreases the permeability and the carbonation resistance of concrete. Thus the self-desiccation shrinkage of concrete is closely related to the drop of its internal relative humidity; this is confirmed in the previous studies [6] [7] [8] . In order to effectively control and improve the self-shrinkage of concrete, an absorbent polymer as a self-curing agent is developed to improve the hydration degree of concrete and reduce the compressive stress and the sensitivity to cracking [9] [10] [11] .
Cellulose fibers that owned the amorphous structure are evenly dispersed in concrete, which efficiently restrain crack formation and delay crack growth [12, 13] . In addition, cellulose fibers have a nature hydrophilic property [14] , which plays a key role in the concrete. Internal curing is explored from water-saturated porous cellulose fibers to provide additional curing water in the early hydration process of concrete. This strategy is effective because the additional curing water can replenish the emptying pores more quickly than traditional external curing water [15] . This process accelerates hydration of cement and then enhances the interfacial cohesiveness between cellulose fibers and cementing material, which increases the compactness, improves the permeability resistance of concrete, and gives the concrete better durability and service life [16] .
Waste paper fibers (WPFs) are affiliated with cellulose fibers and have their advantages, such as an amorphous structure and a nature hydrophilic property [17] . Theoretically speaking, the WPFs can be used as a substitute for the cellulose fibers and applied in concrete. Moreover, the WPFs used in concrete do not require the use of the deinking and bleaching processes, thereby greatly reducing the emissions of hazardous substances in the wastewater [18] . Previous studies had shown that cheap WPFs could enhance the concrete [19] and reduce the dosage of cement [20] ; the mechanical property and the durability of the WPFs concrete were also researched [21] . However, the use of the WPFs to enhance the shrinkage resistance and self-curing effect of concrete has not been yet reported. This research aims to contribute to filling this lack of knowledge. It is generally known that the shrinkage of concrete is influenced by many factors except low water ratios; in order to truly reflect the self-shrinkage and self-curing behaviors of the WPFs reinforced cement-based materials, the cement paste instead of concrete is selected as the matrix which does not consider other factors. The self-shrinkage and self-curing behaviors of cement paste with the WPFs are researched in this paper. In addition, the reasonable addition ways and dosage of WPFs in cement paste at a low water cement ratio are discussed, which can provide theoretical basis for actual production.
Experimental
2.1. Materials. Waste paper fibers (WPFs) from newsprint were pretreated and modified surfaces in our own lab [22] . They have an average length of 1.6 mm, an average diameter of 24 m, and a specific surface area of 2.3 m 2 /g. The chemical content of the WPFs was listed in Table 1 . From the chart, the content of cellulose was about 93%, showing that the WPFs owned good alkali resistance. The SEM surface morphologies of WPFs were shown in Figure 1 . The fiber bundle was layered along the long end; many microfibrils were produced and exist on the fiber surfaces (Figure 1(a) ), and the WPF that owned porous hollow structure was shown quite clearly ( Figure 1(b) ), which allows it to absorb and retain water.
A Portland cement P.II 52.5 and tap water were used in all mixes, a polycarboxylic high-performance water-reducing agent (SD-600P-01) was used to adjust the workability of cement paste, and the fluidities of all the samples were controlled at 140 ± 10 mm. The chemical compositions of clinker were listed in Table 2 .
Mix Design.
All the mixtures were designed to have a fluidity indice of 140 ± 10 mm. Two main differences between the mixes were the dosage and the adding ways of the WPFs. The dosages of the WPFs were 0.1%, 0.2%, 0.3%, and 0.4% by mass of cement, respectively. Wet mixing and dry mixing were implemented at a water cement ratio of 0.3. Among them, wet mixing was that both the WPFs and the total quotas of water were weighed firstly, and then the fibers were soaked in the normed water at least 30 min until the WPFs were treated to be fully dispersible in water, at which point this mixture was mixed with cement. However, dry mixing was that the preweighed dry WPFs were mixed with cement firstly, and then suitable water was added to compound. The mix designs of cement pastes were shown in Table 3 .
Testing Methods.
To improve the testing accuracy, three same specimens of every curing age were prepared and tested for each sample, as described below.
Compressive Strength and Flexural Strength.
According to the Chinese National Standard GB/T 17671-1999 [23] , cement pastes were casted in 40 mm × 40 mm × 160 mm molds and vibrated at the time of casting to remove air bubbles. The molded pastes were kept at temperature 20 ± 2 ∘ C and relative humidity exceeding 95% for 24 h and then removed from the molds. The demoulded samples were sealed with high density polypropylene film and epoxy resin sealant and then cured in a room with temperature 20 ∘ C and relative humidity 60% for the set ages. The compressive and flexural strengths of all specimens were determined using a ACE-201 strength test machine. Three same specimens of every curing age were measured and the arithmetic average [24] , all specimens were casted in the 40 mm × 40 mm × 160 mm shrinkage molds and shocked slightly at the time of casting to remove air bubbles. The molded specimens were kept at 20 ± 2 ∘ C and relative humidity exceeding 95% for 24 h and then removed from the molds and measured length ( 0 ). All specimens were sealed and cured under the same conditions as those mentioned above. The length of specimen cured for each age ( ) was measured. The linear shrinkage strain of cement paste was determined according to
where is the linear shrinkage ratio of specimen cured for days ( = 1, 3, 7, 28, 56, 90); 0 is the initial length of specimen with feeder head; is the actual length of specimen cured for days ( = 1, 3, 7, 28, 56, 90) ; is the length of specimen (160 mm); and is the sum length of two feeder heads buried in the specimen.
Hydration Characteristics
(1) TG-DSC. The contents of calcium hydroxide in the hardened cement paste were assessed by a thermogravimetrydifferential scanning calorimetry (TG-DSC). To do so, the specimens were dried at 40 ∘ C for approximately 24 h; these dried specimens were crushed, pestled, and sieved, and small particles ranging from 200 m to 500 m were collected as samples. In a thermal analysis, about 30 mg of a sample was put in an alumina top-opened crucible and heated from room temperature to 850 ∘ C at a rate of 10 ∘ C/min. The weight loss data and energy compensation data were determined and recorded for further analysis. Nitrogen gas was chosen as the dynamic atmosphere and corundum as the reference material.
The hydration degree of cement paste was quantitatively calculated by the thermal analysis. The following was the calculating method [25] :
where Δ is the loss of quality in the calculating temperature range; 0 is the original quality; loss and CH are the molecular weights of the loss of gas (H 2 O) and predicted component (Ca(OH) 2 ), respectively; and is the mole number of lost gas in one mole sample ( = 1).
(2) XRD. Mineral phases of cement pastes were identified by a D/max 2550VB3/PC * X-ray powder diffractometer (XRD). All samples were prepared as described above. The patterns produced using Cu-K-radiation ( = 0.15418 nm) at 40 kV and 100 mA were recorded in the range of 2 at 5 ∘ ∼70 ∘ , in 0.02 ∘ steps, counting by 4 s per step.
Pore Structure.
The pore structure of cement paste was determined by a mercury intrusion porosimeter (Poremaster GT-60). Pore size is related to the pressure by Washburn's equation, which assumes that the pores have circular cross sections: where is the pressure exerted (N/m 2 ); is the pore radius ( m); is the surface tension of mercury (N/m 2 ); and is the contact angle ( ∘ ).
In this study, a maximum pressure of 14 × 10 8 N/m 2 was applied. The surface tension of 0.480 N/m and the contact angle ( ) of 140 ∘ were used for the calculation of pore size. Small pieces of cement paste weighing 1.2 g obtained from the middle part of 60 mm cement paste specimens were used for Mercury Intrusion Porosimetry (MIP) testing. In order to stop the hydration, the specimens were dried at 105 ∘ C for approximately 24 h until a constant weight was achieved, and then they were kept in sealed containers until the day of the test. Two MIP tests were conducted for each sample, and the average values of the MIP results were used for data comparison.
Results and Discussion

Strength.
Cement-based material is typical heterogeneous brittle materials; shrinkage cracking is one of the significant factors of its failures. To improve its brittleness, toughness is especially important. The / is one of the toughness indices of materials; the lower the / , the better the toughness and the stronger the shrinkage resistance of materials.
The Effect of the WPFs Dosage on Strength.
WPFs were mixed with cement using wet mixing, dealing with strength, and compressive to flexural strength ratio / of samples is as shown in Table 4 .
At water cement ratio of 0.25, the flexural strengths of all samples increased in the first three days and then decreased gradually with curing age, and the decline degrees of flexural strengths were different. After curing for 28 d, the flexural strengths of all samples were greatly raised. The flexural strength of cement paste is influenced by hydration and water cement ratio. In principle, the lower the water cement ratio and the quicker the hydration process, the higher the flexural strength. The WPF has mainly an impact on the flexural strength of cement paste because of its absorbing and releasing moisture. Before sealed curing for 3 d, the humidity dropped down and more gels were formed with hydration, which made the flexural strength of specimen increase. However, after curing for 3 d, once the negative pressure water supply occurred, the WPF would release water to compensate it. The actual water cement ratio increase caused by release moisture was likely to play a leading role. On the one hand, moisture from WPFs promoted the hydration process and improved the flexural strength further; on the other hand, it is just because released moisture increased the actual water cement ratio, causing the reduction of the flexural strength; these two contradictory factors caused the decrease of the flexural strength of specimen cured for 3-28 d. After curing for 28 d, the hydration forced the rapid water loss of WPFs and formed more hydration products, which caused the rapid growth of the flexural strength. When the dosages of the WPFs were 0.1%∼0.3% by mass of cement, the flexural strengths of cement pastes cured for 3 d∼28 d were higher than those of control samples. Among them, the dosage of the WPFs was 0.2% by mass of cement and the flexural strength of cement paste cured for 28 d was significantly the highest and increased by 55.6%. However, when the dosage of the WPFs was 0.4%, the flexural strengths of cement pastes were obviously lower than those of control samples except 28 d, and thus, under the quantity, the WPFs had a negative effect on the flexural strength. At the same water cement ratio, the compressive strengths of cement pastes increased with the dosage of the WPFs and reached highest at the dosage of 0.2%. However, the flexural strengths of cement pastes were slightly larger than those of control samples when water cement ratio was 0.3 and the dosage of the WPFs was less than 0.2%. Besides, the flexural strength and the compressive strength of cement paste decreased with the dosage of the WPFs.
Whatever water cement ratios, when the dosage of the WPFs was 0.1%∼0.3% by mass of cement, the / of cement paste cured for 3 d∼28 d was lower than that of standard sample. When a water cement ratio was 0.25, the / of cement paste containing 0.2% WPFs was lowest and dropped by more than 30 percent when cement paste was cured for 28 d; as for the WPFs dosage of 0.3%, the / of cement paste cured for 1 d was higher than that of standard sample, which could be because of experimental mistakes. However, when cement paste was cured for 90 d, the / of cement paste containing WPFs was higher than that of standard sample, which means that, with the dosage of 0.1%∼0.3% by mass of cement, the WPFs were able to improve the toughness of cement paste cured for early-age. The lower the water cement ratio, the better the WPFs improving the toughness of cement paste. In addition, when the dosage of the WPFs was 0.2% by mass of cement, the toughness of cement pastes cured for early-age was optimal.
The Effects of the WPFs Adding Ways on Strength.
At water cement ratio of 0.3, the WPFs of 0.2% by mass of cement were mixed with cement using wet mixing and dry mixing, respectively. The strength and the / of cement pastes are as shown in Table 5 .
Throughout these data in Table 5 , the values of compressive strength had no obvious variety regulation, but when the WPFs were added with wet mixing, the flexural strengths of cement pastes (B2) were higher than those of dry mixing (B5). From / , we found that / of sample B2 cured within 28 days was lower than those of B0 and B5, which showed that the WPFs could improve the toughness of cement paste, but the degree of improvement was about the adding ways of WPFs. The adding ways of the WPFs directly affected the dispersion degree of fibers and then affected the performance of cement paste. It was difficult to disperse WPFs in the condition of dry mixing, causing WPFs to agglomerate in matrix, which was unfavorable to improve the toughness of cement paste. Thus, compared with dry mixing, the adding way of WPFs with wet mixing was suitable.
Shrinkage Characteristics
The Effect of Fiber Dosage on the Self-Shrinkage.
It is widely understood that adding cellulose fiber to cementbased materials can control the drying shrinkage cracking and the plastic shrinkage [26] [27] [28] . In addition, cellulose fibers can be dispersed in hydrating cement paste and have the capacity to absorb and release water to enhance the internal curing and inhibit the self-shrinkage of cement paste [15] . Figure 2 gives an overview on how the WPFs dosages affect the shrinkage of cement paste at different water cement ratios. Figure 2 (a) shows that the WPFs effectively decreased the shrinkage of cement paste at a water cement ratio of 0.25. As mentioned previously, the WPFs belong to the cellulose fibers, which could absorb some water and maintain saturated state before being mixed with cement. The humidity of matrix gradually dropped with the hydration of cement; at this point, the WPFs would release moisture to compensate it and promote the hydration further. More hydration gels were generated and growing along the surface of the WPFslike bridge, which enhanced the strength and the shrinkage resistance. However, the reinforcing effects related to the dispersion of the WPFs. Smaller amounts of the WPFs have no effect on antishrinkage, while bigger amounts of the WPFs were not distributed in cement paste well, causing the weaker antishrinkage. When the dosage of the WPFs was 0.2% by mass of cement, the shrinkage of cement paste was lowest. The shrinkage of cement paste cured for 1 d decreased by 67% based on control sample, and when cement paste was cured for 3 d and 7 d, the shrinkages of cement paste were decreased by 74% and 50%, respectively. Although the shrinkage of cement paste containing 0.4% WPFs was also lower, the flexural strength of this sample decreased by about 30% when it was cured for 3 days (Table 3) , causing the negative impact on paste, so excessive amounts of WPFs were improper.
Compared with Figure 2 (a), although adding the WPFs to cement paste reduced the shrinkage of paste, the effect was obviously smaller at a water cement ratio of 0.3 (Figure 2(b) ). When the WPFs dosage was 0.2% by mass of cement, similarly, the cement paste had a minimum linear shrinkage strain. When cement paste was cured for 1 d and 3 d, its shrinkage was decreased by 22.0% and 22.1% based on control sample, respectively.
Taken together with the / and the shrinkage of cement paste, the WPFs dosage of 0.2% by mass of cement is optimal in either water cement ratio, which improved the toughness and antishrinkage of cement paste. However, it is easy to see that the lower the water cement ratio, the better the antishrinkage capability of the WPFs in cement paste.
The Effects of Fiber Adding Ways on the Self-Shrinkage.
The WPFs dosage of 0.2% by mass of cement was mixed with cements using wet mixing and dry mixing, respectively. The linear shrinkage strain is shown in Figure 3 . The WPFs were mixed with cement using dry mixing way, which increased the shrinkage of cement paste. However, using wet mixing, the WPFs decreased the shrinkage of cement paste. This illustrates that the WPFs adding way of wet mixing was better than that of dry mixing even with the same content of WPFs.
Hydration Characteristic. Ca(OH)
2 is an important hydration product of cement-based materials. Some properties of cement-based materials, such as carbonation resistance and alkalinity, are about the content of Ca(OH) 2 . A fast rate for carbonation caused by low levels of Ca(OH) 2 leads to the decrease of pH, inducing the corrosion of rebar in cement-based materials [29, 30] . So some levels of Ca(OH) 2 in cement-based materials are necessary but not sufficient condition for durability. The crystalline phase compositions of cement pastes cured for 7 d were identified by XRD, and their XRD patterns are given in Figure 4 . In addition to the typical characteristic peaks of C 2 S and C 3 S, the cement hydration product Ca(OH) 2 was found in all specimens. Although the diffraction peak intensity was not directly proportional to the content of crystalline phase, some important information can be obtained from comparisons of the relative intensity of Ca(OH) 2 . When cement paste was cured for 7 days, it was found that the diffraction intensity which was in Ca(OH) 2 peak at about 18 ∘ of cement paste containing 0.2% WPFs was significantly higher than control sample and cement paste containing 0.3% WPFs; it showed that more hydration products were formed in cement paste containing 0.2% WPFs.
To further confirm the content of Ca(OH) 2 in the hydration products, the losses of quality of cement pastes cured for 7 d are analyzed. TG-DSC patterns of the standard sample and the cement paste containing 0.2% WPFs cured for 7 d are shown in Figure 5 .
From Figure 5 , there was an endothermic peak near 440 ∘ C in the DSC curve of cement paste, which resulted from the dehydration of structural water from Ca(OH) 2 [31] . According to the loss of quality in the TG curve of paste, the content of Ca(OH) 2 in hydration products was calculated and listed in Table 6 . The content of Ca(OH) 2 in hydration products continuously increased with the dosage of WPFs. When the WPFs dosage was 0.2% by mass of cement, the content of Ca(OH) 2 of cement paste cured for 7 d increased to 11.06% from 9.99%. However, if the WPFs dosage continued to increase, the content of Ca(OH) 2 in hydration products decreased instead. In addition, when a water cement ratio was 0.3, the content of Ca(OH) 2 in hydration products increased with the curing age. When the cement pastes were identical in the water cement ratio, the WPFs dosage, and curing age, the content of Ca(OH) 2 in hydration products was different because of the WPFs adding ways. The content of Ca(OH) 2 was higher in cement paste which mixed with WPFs using wet mixing than that of using dry mixing.
Pore Structure.
The compactness of cement-based materials is closely related to mechanical property and antishrinkage. The pore size distribution and pore volume are inevitable to change with the hydration process of cement paste. The
WPFs have different effect on pore structure of cement-based materials. The mercury cumulative intrusion curves and their derivatives are shown in Figure 6 . From Figure 6 (a), when cured for 7 d, the cumulative intrusion of paste containing WPFs was lower than that of paste without fibers, among them, when adding 0.2% WPFs, the cumulative pore volume of cement paste was lowest. Adding the same dosage of the WPFs, the cumulative intrusion of cement paste decreased with the curing age ( Figure 6(b) ). The cumulative porosity of cement paste cured for different ages is shown in Table 7 . With a water cement ratio of 0.25 and curing for 7 d, whatever WPFs dosage, the total porosity of sample decreased. In addition, the percentages of the pore which was smaller than 50 nm and the pore which was greater than 100 nm in the total porosity increased and decreased, respectively. Among them, the total porosity of the sample containing 0.2% WPFs decreased by 2.59% over the control sample. When the W/C and the WPFs dosage were same, the total porosity of sample decreased with the curing age; the total porosities of cement pastes cured for 7 d and 28 d decreased by 4.42% and 7.72% over cured for 1 d, respectively. With a water cement ratio of 0.3, the total porosity of paste which mixed with the WPFs using wet mixing decreased obviously in comparison with two other samples. relative strength to reference strength and 2 was the ratio of the reduction of linear shrinkage strain to reference shrinkage strain, as shown in the following formula:
Suppose the WPFs are distributed evenly in the cement paste; pore systems of the prewetting WPFs and cement paste should be considered as a whole. Moisture also transfers from the large pores to tiny pores, the pore size of the WPFs is far greater than the porous size of cement paste, so the moisture from the WPFs migrates progressively to the cement paste. The more the moisture the WPFs contain, the more the moisture transfer and the slower the relative humidity decreases, so the capillary stress and shrinkage of cement paste are smaller and the self-curing efficiency of cement paste is higher.
The Model of Self-Curing Efficiency.
According to the formulas (5), the self-curing efficiencies of cement paste were obtained, as shown in Figure 7 . Only > 0; the WPFs were effective for the improvement of cement paste.
When water cement ratio was 0.25, WPFs could be able to enhance the self-curing efficiency of cement paste. From Figure 7 the hydration of the cement paste. However, the compressive strength efficiency 1 of WPFs enhanced cement paste was not obvious (Figure 7(b) ). The shrinkage efficiencies of the cement paste with 0.2% WPFs cured for 1 d and 3 d were improved 67% and 74%, respectively. When cement was cured for 7 d, the shrinkage efficiency was improved 50% or so (Figure 7(c) ).
Taking part of samples, nonlinear fitting 1 , 1 , and 2 using least square method, the multiple regression equation about and the dosage of WPFs was obtained, as shown in Table 8 .
According to the fiber spacing theory [32] , the fiber is equal to the secondary reinforcement and can be evenly dispersed in concrete, which hinders the development of microcrack; thus the concrete structure is more compact. In addition, it is generally known that some moisture will be consumed during the hydration process of cement. Without external water in a sealed environment, the water that the hydration reaction needs comes mainly from internal water of paste, so a water cement ratio is one of the most important factors in the hydration reaction and the shrinkage of cement paste [33, 34] . The WPF is a type of cellulose fiber, which plays a fiber bridge role in cement paste and improves the interface bonding state. Besides, the WPFs that owned porous structures (Figure 1 ) act as a storage reservoir, which can absorb and store moisture during mixing with cement, leading to the decrease of the effective water cement ratio. With the hydration reaction, water consumption causes selfdesiccation of capillary in concrete [35] ; just then the WPF releases moisture from itself to compensate the capillary and maintain the pressure in capillary pore at higher levels during the early-age curing period of cement-based materials, accelerating the hydration reaction of cement. The self-curing efficiency of WPFs in cement paste is realized based on the above process. The lower the water cement ratio, the better the self-curing efficiency of cement pastes; this is in line with existing research results [36] [37] [38] . The dosage and adding ways of the WPFs directly affect the effective water cement ratio. Proper WPFs will release more moisture to promote the hydration and more C-S-H gels grow along the WPFs to fill the space caused by the WPFs dehydration. More capillary pores are replaced by gel pores, which decrease the total porosity of cement paste. However, with adding too little WPFs, the absorbable and releasable moisture of WPFs are limited, causing the self-curing effect to be ineffective. If there are too many WPFs or uneven dispersion by dry mixing, which absorb substantial quantities of water and reduce the water cement ratio in an indirect way, WPFs could not unevenly distribute in cement paste; the moisture from the WPFs is fail to long-distance transport in time, leading to a weakened self-curing efficiency of cement paste and a relatively low Ca(OH) 2 production. In addition, the WPFs volume contraction after releasing water causes a plenty of spaces between the WPFs and the cementing material. These spaces form some weak spots in stress state of cement paste, which have negative impact on strength and antishrinkage of cement paste.
Based on the analysis above, under a low water cement ratio, an optimal dosage and adding ways of the WPFs could enhance the self-curing efficiency of cement paste. In this text, adding 0.2% WPFs to cement paste and wet mixing ways are optimal.
Conclusions
This study discussed the fact that WPFs reinforced the selfcuring behavior of cement paste. The important conclusions are summarized below.
Under a low water cement ratio and wet mixing ways, the WPFs can decrease / and improve the toughness of cement paste. The lower the water cement ratio, the better the toughness of cement paste. When a water cement ratio is 0.25 and the dosage of the WPFs is 0.2% by mass of cement, the flexural strengths and the / of cement pastes cured for 28 d increase by 55.6% and decrease by 30%, respectively.
The WPFs in cement paste could promote the hydration process, decrease the cumulative pore volume, and increase the self-curing efficiency of cement paste. When water cement ratio is low and the WPFs dosage is 0.2% by mass of cement, the Ca(OH) 2 diffraction intensity of cement paste cured for 7 d is significantly higher than other samples and increases to 11.06%.
The WPFs could enhance the self-curing efficiency of cement paste. When a water cement ratio was 0.25 and the dosage of the WPFs was 0.2% by mass of cement, the flexural strength efficiencies of cement paste cured for 7 d and 28 d were increased by 19% and 56%, respectively. The shrinkage efficiencies of the cement paste cured for 1 d and 3 d were improved 67% and 74%, respectively.
